INTRODUCTION
Fire whirls are frequently induced and inflict additional damage in large-scale fires, such as wildfires or fires caused by earthquakes. Although fire whirls are a well-known threat, their generation mechanism has yet to be revealed. Therefore, an experiment based on a scale model using partitions was conducted with the objective to understand the fundamental mechanism of the generation of swirling flames, as well as to obtain useful data for building a practical model in order to understand the time-series behavior of fire whirls when they are induced.
OUTLINE OF EXPERIMENTAL
Earth-scale external forces, such as Coriolis acceleration and certain atmospheric phenomena, are considered to be involved in the induction of fire whirls. However, it is difficult to reproduce a scale model for an experiment with such magnitude. Therefore, a systematical experiment was conducted by ignoring such external forces.
Experimental method
In this experiment, a swirling flame was coercively yielded by installing partitions that surround a fire source as shown in Figure 1 , in order for the vortex of the flame to be induced in response to the self-induced airflow of the flame. As shown in Figure 1 , in order to understand the behavior of the fire whirls, as well as to determine the threshold conditions, an experiment was systematically conducted by changing the following three parameters: 1) gap between the partitions, 2) distance between the center of the fire source and the partition and 3) height of the partitions. 
Experimental equipment and measured parameters (1) Experimental equipment
The partition was built from plates made of calcium silicate and thermal glass, and the gap (c) between the partitions and the distance (s) from the center of the fire source and the partition was adjusted by changing the position of the partitions. In addition, the height (h) of the partition was also adjusted by altering the base of the fire source.
Additional information about the dimensions is shown in Figure 1 . The fire source was a propane gas burner. The size of the burner is 200 mm × 200 mm.
(2) Measured parameters and measurement method
The following seven parameters were measured: 1) temperature of the swirling flame, 2) height of the swirling flame, 3) circumferential velocity, 4) heat flux, 5) axial gas concentration, 6) velocity distribution in the horizontal plane and 7) mass loss rate in the case of liquid fuel. The measurement method for each parameter is described as follows: The point of origin for the measurement is the center of the burner's plane. The perpendicular directions of the burner's plane are the x axis and y axis, and the z axis is in the vertical direction.
1) Temperature of the swirling flame
The flame temperature was measured using thermocouples (K type : φ 0.65 mm). The temperature distribution was measured by installing thermocouples at 42 points located on the central axis in the vicinity of the burner. One of the temperature distributions was measured in detail.
2) Swirling flame height
In order to measure the height of the swirling flame, a thermal glass plate was installed on one side of the partitions and a video camera was used in order to record the swirling flame.
3) Velocity in circumferential and horizontal directions
The circulation was calculated by measuring the velocity in circumferential direction at the height of z =0.3m (close to the partitions). The definition of the circulation is as shown in Equation1.
(1)
4) Heat flux
As shown in Figure 2 , heat flux gauges were installed every 0.3 m in the direction of the z axis, and the combustion efficiency of the swirling flame was calculated from the heat radiation.
5) Gas concentration on the main axial direction
The concentrations of O 2 , CO and CO 2 were measured by using a densitometer in the main axial direction at the time when the flame was swirling.
6) Velocity distribution in the horizontal plane
The velocity distribution in the horizontal plane of the flame was measured by using a PIV system. Table 1 shows the conditions of this experiment. 
Experimental conditions

EXPERIMENTAL RESULTS
Swirling flame height, temperature distribution and circulation value
The mean value of the temperature distribution was determined by measuring the temperature every 2 s for 2 min. The circulation as was calculated from the velocity in circumferential direction was converted to a dimensionless quantity by using the following equation [5] . 
Gas analysis
Based on this, the upper part of the swirling flame is quite close to complete burning when compared with the lower part. Based on the fact that the CO concentration is high on the inside of the swirling flame but almost zero on the outside, it is reasonable to assume that the unburned flammable gas was entrained upward by the swirling flame and was used for burning in the upper area. Figure 5 Radiation heat release rate Figure 5 shows the heat release rate as calculated from the integral of the heat radiation accompanied by the change of the gap between the partitions. By assuming that the swirling flame is a cylinder, and segmenting it into 0.3 m intervals, the heat release rate can be calculated by using the following equation:
Figure 4 Gas concentration distributions
Heat flux
In the case where the distance (s) from the center of the fire source and the partitions is 0.28 m, when comparing it with the case where the partition interval is at a threshold, which is closer to the conditions of free burning, the maximum heat release rate of the swirling flame was approximately twice as high. Since the flow rate of the propane gas was set to be 15 kW in its heat release rate, the combustion efficiency is very high when the flame is swirling. In Figure 6 , Series 1 (▲) indicates the places where the vector quantity was measured from the center to the upward direction, and Series 2 (■) indicates the places where the vector quantity was measured from the center to the downward direction. In Figure 7 , the x axis indicates the distance from the center of the fire source. The vector quantity became closer to 0 at the center of the fire source and in the vicinity of the wall (partitions) due to the viscosity. In addition, the maximum of the vector quantity became closer to the wall (partitions) due to the centrifugal force of the rotation.
Average velocity distribution in the horizontal plane and mass loss rate
CONCLUSIONS
This experiment was systematically conducted with a scaled model in order to understand the qualitative and quantitative aspects of the generation mechanism and • With the calculated circulation of the swirling flame, a swirling flame was generated when the value of the dimensionless circulation exceeded approximately 0.65.
• Compared with the free burning case, the swirling flame has an extraordinarily high combustion efficiency. The unburned gas is entrained upward and the upper area of the swirling flame almost reaches complete burning.
• Regarding the temperature distributions of the swirling flame, the high-temperature range increases as the dimensionless circulation increases. 
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